Zn and Ni doping effects on the low-energy spin excitations in Lai 85Sro.i5Cu04 
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Impurity effects of Zn and Ni on the low-energy spin excitations were systematically stud- 
ied in optimally doped Lai.85Sro.i5Cui-yAy04 (A=Zn, Ni) by neutron scattering. Impurity-free 
Lai.85Sro.i5Cu04 shows a "spin gap" of a; = 4 meV below Tc in the antiferromagnetic(AF) incom- 
mensurate spin excitation. In Zn:?/ = 0.004, the spin excitation shows a spin gap of 3 meV below Tc. 
In Zn:^ = 0.008 and Zn:^ = 0.011, however, the dynamical susceptibility x" at = 3 meV decrease 
below Tc and increase again at lower temperature, indicating an in-gap state. In Zmy = 0.017, the 
low-energy spin state remains unchanged with decreasing temperature, and elastic magnetic peaks 
appear below 20 K then exponentially grow. As for Ni:?/ = 0.009 and Ni:?/ = 0.018, the low-energy 
excitations below a; = 3 meV and 2 meV disappear below Tc. The temperature dependence of x" ^tt 
a; = 3 meV, however, shows no upturn in contrast with Zn:?/ = 0.008 and Zn:?/ = 0.011, indicating 
the absence of in-gap state. In Ni:?/ = 0.029, the magnetic signals were observed also at cj = meV. 
Thus the spin gap closes with increasing Ni. Furthermore, as uo increases, the magnetic peak width 
broadens and the peak position shifts toward the magnetic zone center (tt tt). We interpret the im- 
purity effects as follows: Zn locally makes a non-superconducting island exhibiting the in-gap state 
in the superconducting sea with the spin gap. Zn reduces the superconducting volume fraction, 
thus suppressing Tc. On the other hand, Ni primarily affects the superconducting sea, and the spin 
excitations become more dispersive and broaden with increasing energy, which is recognized as a 
consequence of the reduction of energy scale of spin excitations. We believe that the reduction of 
energy scale is relevant to the suppression of Tc. 



PACS numbers: Valid PACS appear here 
I. INTRODUCTION 

In past years, a large number of neutron scattering 
studies have suggested that antiferromagnetic (AF) spin 
fluctuations are relevant to the mechanism of high-Tc 
superconductivity. Significant features of AF spin cor- 
relations in exhaustively studied LSCO and YBCO are 
summarized as follows; (i) A well-defined gap with a gap 
energy T^gg opens below the superconducting transition 
temperature Tc in the energy spectrum, which is often 
called "spin gap." Note that the spin gap in neutron 
scattering appears at temperature lower than that ob- 
served in NMR, because neutron scattering detects not 
local spin behaviors but spatial structures of spins with 
a coherence. As for LSCO, the spin gap is observed only 
around the optimum doping concentration 0.15 < x < 
0.18. HI, 1113 On the other hand, the spin gap of YBCO 
appears in the superconducting state and there exists a 
relationship T^gg oc Tc in the region 0.5 < X < 0.95. "4^ (ii) 
In both LSCO and YBCO, the spin excitations appear at 
incommensurate positions Q = {\^^ {\ |±(5 0)in 
the high-temperature tetragonal (HTT) notation. Addi- 
tionally, the incommensurability 5 is proportional to Tc 
in LSCO(x < 0.15) 5] and YBCO(x < 0.6). || How- 
ever, it is ambiguous whether the incommensurate peaks 



of LSCO and that of YBCO have the same origin. For 
example, the incommensurate peaks of YBCO are not 
clearly separated due to the broadened peak, (iii) The 
magnetic excitation of YBCO is enhanced below Tc at a 
particular energy T^^((x Tc) and a position Q = ^ /), 
which is called a magnetic resonance peak. The existence 
of the magnetic resonance peak in LSCO is still an open 
question, j^, 

To study whether a certain phenomenon is related 
to the superconductivity, reducing Tc is very effective. 
There exist many ways for Tc reduction; for example, 
crystal structure, magnetic field, and impurity substitu- 
tion. Impurity substitution for Cu sites can be chosen 
so as to affect a particular property; ions with a different 
valence change carrier doping rate in the Cu02 plane, the 
ionic radius mismatch induces local distortions, and the 
spins of impurities affect magnetic correlations. Thus, we 
can control a particular parameter to investigate which 
parameter is most related to Tc. Substitutions by di- 
valent transition metal ions for Cu sites conserve the 
carrier doping level and hardly influence on the macro- 
scopic crystal structure, which is reflected in the changes 
of lattice constants and structural phase transition tem- 
perature. In particular, non-magnetic ion Zn^+ (3d^^, 
5* = 0) and magnetic ion Ni^+ (3d^, S = 1) are suitable 
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to understanding how magnetic interaction contributes 
to the high-Tc pairing mechanism. It is known that the 
Tc-suppression effect of Zn is stronger than that of Ni, un- 
hke those for BCS superconductors. Furthermore, mag- 
netic susceptibihty measurements show that local mag- 
netic moments induced by Zn are larger than that by 
Ni. NMR studies for YBCO indicate that there exist 
staggered moments on Cu sites around Zn, 9, 10] sug- 
gesting that Zn induces local magnetic moments around 
itself. In scanning tunneling microscopy (STM) studies 
for impurity-doped Bi2Sr2CaCu208+5 (Bi2212) near the 
impurity site, Zn induces an intense quasiparticle scat- 
tering resonance, 11] while Ni makes quasiparticle state 
near the superconducting gap. These results indi- 
cate that effects of Zn on the superconductivity and the 
magnetism are different from those of Ni. For the study 
of impurity doping, we should choose a high-Tc super- 
conductor which overall behaviors have already been re- 
vealed and has the single Cu02 layer in order to avoid the 
ambiguity for which Cu site impurities are substituted. 
For this reason, LSCO is most suitable. 

Systematic neutron scattering studies on impurity sub- 
stitution had not been performed, because neutron scat- 
tering studies need large and homogeneous single crys- 
tals. It is even more difficult to prepare a single crystal 
with a correctly controlled impurity concentration. Re- 
cently, however, Kimura et al. have systematically stud- 
ied Zn doping effects on the low-energy AF spin excita- 
tions for optimally doped Lai.85Sro.i5Cu04 with various 
Zn concentrations, through strenuous efforts for crystal 
growth. 0, They have revealed that Zn induces a 
novel AF spin state in the spin gap, which they call an 
in- gap state. They also found that the induced state 
becomes more dominant and more static with increas- 
ing Zn. Combined with STM and /iSR studies which 
suggest that the superconductivity is excluded around 
Zn, 0, they have concluded that the induced state 
appears in the non-superconducting region and that the 
induced state regions are spatially separated from the su- 
perconducting regions which exhibit the spin gap state. 

In this paper, we report Zn and Ni doping effects on the 
low-energy AF spin excitations and the superconducting 
transition. Our purpose is to clarify the difference be- 
tween the effects of Zn and those of Ni. We performed 
neutron scattering and magnetic susceptibility measure- 
ments in Lai.85Sro.i5Cui_yZny04 (Zn:?/ = 0.004, 0.008, 
0.011, 0.017) and Lai.85Sro.i5Cui_2^Ni^04 (Ni:y = 0.009, 
0.018, 0.029). 



II. SAMPLE PREPARATION AND 
EXPERIMENTAL DETAILS 

Neutron scattering study for spin excitations requires 
large and spatially homogeneous single crystals due to 
weak signals. Moreover, for the study of the impurity 
effect, it is essential to control impurity concentrations 
correctly without changing other properties, for exam- 



ple, Sr concentration homogeneity and mosaicness. We 
controlled the size, shape and growth direction of crystals 
for all samples in order to unify experimental conditions 
and realize the quantitative comparisons of results among 
different samples. 

Single crystals of Lai.85Sro.i5Cu04, 

Lai.85Sro.i5Cui_^Zn^04 (Zn:?/ = 0.004, 0.008, 0.011, 
0.017) and Lai.85Sro.i5Cui_^Ni^04 (Ni:?/ = 0.009, 
0.018, 0.029) were grown using the traveling-solvent- 
floating-zone (TSFZ) method. Feed rods were prepared 
by the ordinary solid-state reaction method. Dried 
powders of La203, SrCOa, CuO, ZnO, and NiO were 
weighed and mixed. The mixed powder was ground 
and calcined at 900 °C for 20 h for four times in air. 
After several grindings and calcinations of powder, we 
added extra CuO of 2 mol% into the powder in order 
to compensate the loss of Cu during the crystal growth. 
The powder was formed into a cylindrical rod and the 
rod was hydrostatically pressed. We sintered the rod 
at 1250°C for 24 h in air. The solvent material with 
a composition of La:Sr:Cu:Zn(Ni)=1.85:0.15:(4-?/):?/ for 
each y was prepared. We use 0.3 g of the solvent and a 
Lai.85Sro.i5Cui_2yA2y04 (A=Zn, Ni) single crystals as a 
seed rod. We controlled the growth direction of crystals 
by using the seed rod which the direction of cylinder 
is a-axis. The TSFZ operation was carried out using 
infrared image furnaces (NEC Machinery Co., SC-4 and 
SC-35HD) with small two halogen lamps and double 
ellipsoidal mirrors. To cut off reflections of the light 
from high angles, a silica tube was partially covered 
with aluminum foils. This yields a sharp temperature 
gradient in the direction of crystal growth, which helps 
to stabilize the melting zone. The growth rate was 
kept constant at 1.0 mm/h, and both the feed and seed 
rods were rotated 30 and 15 rpm, respectively. We 
flowed mixed gas of argon and oxygen with the flow 
rate of 100 cm^/min.(Ar:20 cm^/min., 02:80 cm^/min.). 
Crystal growth conditions for all the samples were kept 
same and we maintained the conditions for 100 hours 
during crystal growth. After crystal growth, we put the 
crystal rod in water for 1 week, to check the inclusion of 
La203 which reacts with water and changes to La(0H)3. 
The appearance of La(0H)3 break the crystal, because 
the size of La(0H)3 is larger than that of La203. Finally, 
to eliminate oxygen deficiencies, all the crystals were 
annealed under oxygen gas flow at 900 °C for 50 hours, 
cooled to 500 °C at a rate of 10 °C/h and annealed at 
500 °C for 50 hours. 

The concentrations of La, Sr, Cu, Zn and Ni ions were 
precisely estimated by the inductively coupled plasma 
(ICP) analysis using Shimadzu ICPS-7500. Within the 
detection limit of the ICP analysis, no observable im- 
purities were detected. We checked the spatial homo- 
geneity of Sr, Zn and Ni ions by comparing the values for 
small portions of crystals taken at different points of each 
sample, and we confirm the macroscopic homogeneity of 
composition. The obtained values of Sr, Zn and Ni con- 
centrations are summarized in Tabled The values of Sr 
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TABLE I: Sr, Zn and Ni concentrations estimated by 
ICP analysis and Tdi determined by netron diffraction in 
Lai.85Sro.i5Cui-yA^04(A=Zn, Ni). 





Sr X 


Zn or Ni y 


■J- dl 




0.142(8) 




186 K 


Zn:y = 0.004 
Zn:y = 0.008 
Zn:2/ = 0.011 
Zn:y = 0.017 


0.144(3) 
0.147(4) 
0.144(7) 
0.145(2) 


0.0044(4) 
0.0083(3) 
0.0112(5) 
0.0170(7) 


192 K 
202 K 


Nv.y = 0.009 
m-.y = 0.018 
m-.y = 0.029 


0.145(7) 
0.144(6) 
0.142(6) 


0.0090(3) 
0.0185(5) 
0.0287(8) 


184 K 
182 K 



concentration for all the sample are x ~ 0.15 within the 
measurement error and those of impurity concentrations 
are substantially larger than the error. These results 
show that we could control the impurity doping rate with 
keeping the Sr concentration. We also determined the 
structural phase transition temperature T^i by neutron 
diffraction measurement. As temperature decreases, the 
crystal structure changes from high-temperature tetrag- 
onal (HTT) to low-temperature orthorhombic (LTO) at 
Tdi. The (072)ortho superlattice peak in the LTO nota- 
tion appears below Tdi and we measured temperature 
dependence of the (072)ortho peak intensity. As seen 
in Table ^ the obtained values of Tdi for all the sam- 
ples are almost same and consistent with that of LSCO 
{x — 0.15). [i| Tdi is very sensitive to the Sr concen- 
tration and the Tdi reduction rate is ~ 22K/x at.%. 
Hence, these results show that the Sr concentration for 
all the samples are x ~ 0.15 and Sr ions are doped ho- 
mogeneously into the crystals. In the Zn-doped samples, 
Tdi becomes somewhat high with increasing the doping 
contents. On the other hand, Tdi of the Ni-doped sam- 
ples is almost equal to that of the impurity-free sam- 
ple. Gaojie et al. reported that the crystal structure of 
Zn-doped LSCO(x = 0.15, Zn:y > 0.15) is orthorhom- 
bic in the room temperature, while that of Ni-doped 
LSCO(x = 0.15, m-.y < 0.30) remain tetragonal. [T^ 
Their results are consistent with our results; though 
Zn slightly increases Tdi, a small amount of impurities 
hardly affects the averaged crystal structure. Further- 
more, we measured rocking curves of crystals by neu- 
tron diffraction. The full width half maximum (FWHM) 
are ~ 0.15° for all the samples, suggesting a good crys- 
tallinity. 

Inelastic neutron scattering experiments were per- 
formed with the Tohoku University triple-axis spectrom- 
eter (TOPAN) installed at the JRR-3M reactor in the 
Japan Atomic Energy Research institute (JAERI). The 
final energy was fixed at Ef = 13.5 meV using the 
(002) reflection of a pyrolytic graphite analyzer. The 
horizontal collimator sequence were 40'-100'-S-60'-80' (a 
low-resolution condition) and 40'-30'-S-30'-80' (a high- 
resolution condition), where S denotes the sample po- 
sition. A pyrolytic graphite filter and a sapphire filter 



were placed to reduce higher order reflections and fast 
neutrons. To compare magnetic signals quantitatively, 
these experimental conditions were unified throughout 
the experiments. Elastic neutron scattering experiments 
were performed using TOPAN for Zn-doped sample and 
ISSP triple axis spectrometer PONTA also in JRR-3M 
for Ni-doped sample. We selected the incident and fi- 
nal energies of 13.5 meV with the horizontal collimator 
sequence of 40'-30'-S-30'-80' for the Zn-doped samples, 
and 14.7 meV with 40'-40'-S-40'-80' for the Ni-doped 
samples. In order to increase the sample volume, the 
columnar-shaped crystals (typical size of each crystal was 
5mm0x25mm) were assembled and mounted in the {hkO) 
zone. Since we controlled the growth axis parallel to the 
a-axis, all the crystal arrangements were kept identical. 
In this paper, we denote the crystallographic indices by 
the HTT notation if no specification is given. The crys- 
tals were mounted in alminum containers in which He 
gas was charged to act as a heat exchanger. ^He-closed 
cycle refrigerators were used to cool the samples down to 
4 K or 10 K for inelastic scattering measurements, and 
a top-loading liquid-^He cryostat was used to cool down 
to 1.5 K for elastic measurements. 



III. RESULTS 

A. Tc suppression by impurity-doping 

To estimate the Tc reduction by impurity-doping, we 
measured the magnetic susceptibilities under zero-field 
cooling using a SQUID magnetometer. Figure Q shows 
the shielding signals of the impurity-doped LSCO sam- 
ples, and the signals are scaled so that the transition 
widths ATc are compared. We define Tc as the temper- 
ature at which the shielding signal is half of the low- 
temperature saturated value, and ATc is defined as a 
difference between two temperatures where the signal is 
10% and 90% of the low-temperature value. The values 
of Tc and ATc are listed in Table HH The values of 
are in good agreement with those of previous studies, 
and the reduction rates of Tc are 12.5 K/% for Zn and 
8.7 K/% for Ni. In addition, ATc is almost constant 
regardless of the Zn concentration, while ATc broadens 
with increasing Ni. 



TABLE II: Tc and ATc estimated by shielding signals. 



sample 


Tc (midpoint) 


ATc 




36.8 K 


1.7 K 


Zn-.y = 0.004 


32.6 K 


2.2 K 


Zn:^ = 0.008 


27.8 K 


2.5 K 


Zn-.y = 0.011 


23.2 K 


2.9 K 


Zn:^ = 0.017 


16.0 K 


3.8 K 


Ni:^ = 0.009 


30.0 K 


2.8 K 


mi-.y = 0.018 


22.5 K 


5.9 K 


m-.y = 0.029 


11.6 K 


9.2 K 
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Lai.85Srb.i5Cui^A04 



10 Oe 



-D.005 



-0.01 



-0.005 



-0.01 



= 0.004 
-tV V = O.OOS jfJ- 
-A- v = 0,011 / 
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y = 0.009 
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FIG. 1: Shielding signals of (a) Lai.85Sro.i5Cui-yZn^04 
{Zn:y = 0, 0.004, 0.008, 0.011, 0.017) and 
(b) Lai.85Sro.i5Cui-^Ni^04 {Ni:y = 0, 0.009, 0.018, 
0.029) measured under a magnetic field of 10 Oe. The values 
of susceptibility for all samples are scaled to — ^(emu). 



One may consider that the broadening of Tc is caused 
by a spatial inhomogeneity of Ni concentration. As for 
Ni:y = 0.029, we performed two measurements to inves- 
tigate the inhomogeneity of Ni. We cut the crystal into 
several portions with the size of 1 mm^ and evaluated 
the Ni concentration of each portion by ICP analysis. 
The obtained values are identical within the measure- 
ment error, and the error corresponds to ATc of 2 K. 
This result indicates no macroscopic inhomogeneity of Ni 
in the crystal. In addition, to check the microscopic inho- 
mogeneity, we performed small angle neutron scattering 
measurements using the Tl-2 double-axis spectrometer 
attached to a thermal guide in JRR-3M, which is owned 
by IMR, Tohoku University. If clusters of Ni ions are 
produced in a Cu02 plane, signals should appear in the 
small angle region corresponding to a characteristic scale 
of the cluster size. However, no such signal was detected 
in the range 0.1 < Q < 1 A~^. If signals appear in 
the smaller angle region, one cluster contains Ni ions 
more than 30 and the mean distance between clusters 
exceeds lOOA. This situation seems improper, because 
such a segregation should introduce two superconduct- 
ing transition temperatures. As shown in Fig. ^ though 
the superconducting transition broadens, the tempera- 
ture dependence show no two-step behavior. Besides, as 
listed in Table ^ the structural transition temperature 
Tdi does not change by Ni-doping. If clusters of Ni ions 
exist, the averaged crystal structure should be affected. 
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FIG. 2: (Top) : Schematic drawing of scan trajectories. 
Open circles denote magnetic incommensurate peaks. (Bot- 
tom) : Peak profiles along the h direction (trajectory A) for 
Lai.85Sro.i5Cu04 at a; = 3, 6 and 8 meV. Solid lines are the 
result of fits with assuming two equivalent Gaussian peaks at 
(0.5±^, 0.5, 0) and a linear background. 



Thus, we believe that there is no cluster of Ni in the 
crystal. These behaviors, the broadening of Tc and no 
change of Tdi, are already reported by Churei et al. ^3 
and are consistent with our results. We conclude that 
there is no microscopic nor macroscopic inhomogeneity 
of Ni ions and that the broadening of ATc is an intrinsic 
effect of Ni-doping. 



B. Energy spectra of spin excitations 

Figure [3 shows constant-energy spectra of the spin 
excitations at a; = 3, 6, 8 meV for impurity- free 
Lai.85Sro.i5Cu04. The scan through two incommensu- 
rate peaks corresponds to the trajectory A illustrated at 
the top of Fig. [2j At 10 K, a clear spin gap was ob- 
served and is consistent with the previous studies. 0, Q 
In Figs.Oland^ we show Q profiles at a; = 3, 6, 8 meV for 
Zn:y = 0.004, 0.008, 0.011, 0.017 and Ni:^ = 0.009, 0.018, 
0.029, measured below Tc (filled circles) and just above 
Tc (open circles). The trajectories of scans and experi- 
mental conditions are identical to those for impurity-free 
LSCO. 
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FIG. 3: Peak profiles along the h direction (trajectory A in Fig. for Lai.85Sro.i5Cui_^Zn^04 {Zn:y = 0.004, 0.008, 0.011, 
0.017) at a; = 3, 6 and 8 meV. Filled and open circles correspond to the data below and above Tc. Solid lines are the fitting 
results by a Gaussian function with assuming two equivalent Gaussian peaks at (0.5db^, 0.5, 0) and a linear background. We 
show the intensities divided by 2 for Zn:y — 0.011, because the volume of sample with Zn:^/ = 0.011 is approximately twice as 
large as those of the other Zn- doped samples. 
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FIG. 4: Peak profiles along the h direction (trajectory A in Fig. for Lai.85Sro.i5Cui_^Ni^04 (Ni:^/ = 0.009, 0.018, 0.029) 
at a; = 3, 6 and 8 meV. Filled and open circles correspond to the data below and above Tc. Solid lines are the fitting results 
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FIG. 5: Energy dependence of the Q- integrated x'{^) for 
Lai.85Sro.i5Cui-yZny04 with (a) Zn:y — 0.004, (b) Zmy — 
0.008, (c) Zn-.y = 0.011 and (d) Zmy = 0.017 at T - 10 K. 
Open circles are the data for the impurity- free sample and 
solid lines are guides to the eye. 
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FIG. 6: Energy dependence of the Q- integrated x" {'■^) for 
Lai.85Sro.i5Cui_^Ni^04 with (a) Kv.y = 0.009, (b) Kv.y = 
0.018 and (c) Kv.y = 0.029 at T - 4 K. Open circles are the 
data for the impurity-free sample and solid lines are guides to 
the eye. 



In Tjii-.y = 0.004 and Ni:y = 0.009, the spin excitations 
at = 3 meV disappear at low temperatures, suggest- 
ing a spin gap opening analogous to impurity- free LSCO. 
While, in Zn:y > 0.008 and m:y > 0.018, the magnetic 
signals at a; = 3 meV appear at low temperatures. These 
results suggest that both Zn and Ni doping yield the ap- 
pearance of low-energy spin excitations and that the ef- 
fect of Ni is weaker that that of Zn. In Ni:y = 0.018 and 
Ni:y = 0.029, as co increases, the magnetic peak inten- 
sity increases and the peak width apparently broadens. 
The effect becomes marked with increasing Ni. On the 
other hand, Zn does not affect the peak profiles of spin 
excitations. 

Figures and El show energy spectra of the Q- 
integrated dynamical magnetic susceptibility x^\uj) at 
low temperatures for both the Zn and Ni doped sam- 
ples. The open circles and solid lines in the figures de- 
note x'\^) fo^ impurity-free LSCO. Here x''{Q^^) cor- 
responds to the dynamical structure factor S{Q,uj) cor- 
rected with the thermal population factor, 

m")= i_e-w x"(Q.")- (1) 

Assuming that magnetic excitations consist of four equiv- 



alent incommensurate magnetic rods running along /, we 
have estimated J S{Q^uj)dQs, where J dQs denotes the 
integration of magnetic signals around one incommensu- 
rate magnetic peak. Magnetic signals are fitted to Gaus- 
sian peaks and the fitting error corresponds to the error 
bar in Fig. |31 We also normahze the estimated x''{^) 
by the intensity of transverse acoustic phonons at (2, - 
0.19, 0)ortho which should be proportional to the effective 
sample volume. 

In the impurity- free sample, x'\^) a maximum 
at ~ 8 meV (=c<;max), reflecting the gap structure. In 
Zn:y = 0.004 and Zmy = 0.008, the value of cJmax 
remains unchanged, but x''(^max) decrease and x'\^) 
around 3 meV increases instead. These results suggest 
that the spin gap state decreases and an additional low- 
energy spin state appears. In Zn:y = 0.011, cc^max shifts 
toward the lower energy. At last, in Zn:^ = 0.017, the 
spin gap entirely vanishes, because of the reduction of 
spin gap energy and the development of the additional 
state. 

x'\^) of Ni:?/ = 0.009 shows a behavior similar to that 
of Zn:y = 0.004; x"{^) above ~ 7 meV decreases while 
X^'{uj) below ~ 7 meV increases as compared to y = 0. 
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x\Q,uj) denote the fitted peak amplitude corrected with the 
thermal population factor. Solid lines are guides to the eye 
and arrowheads indicate the onset values of Tc. 



In Ni:y = 0.018, the low-energy spin excitations are ob- 
servable at = 3 meV, but that below uo = 2 meV dis- 
appears. The spin excitations above 2 meV are observed 
in Ni:y = 0.029, showing a tendency of gap closing. One 
of the most remarkable results is that the amplitude of 
X'\uj) for Ni:^ = 0.018 and Ni:^ = 0.029 is larger than 
those for y = and Ni'.y = 0.009. 



C. Temperature dependence of spin excitations 

The temperature dependence of x"{Qi^) at cc; = 
3 meV is shown in Fig. [7| for the Zn-doped samples. 
x"{Qi^) represents a fitted peak amplitude corrected 
with the thermal population factor. x"{Q->^) of Zn:?/ = 
0.004 decreases below Tc, suggesting the gap opening sim- 
ilar to the impurity-free sample. In Zmy = 0.008 and 
Zmy = 0.011, the magnetic signal once starts decreasing 
around Tc, which suggests the gap opening. However, the 
signal increases again at lower temperature, indicating an 
emergence of the additional state. We show a clear proof 
of the upturn behavior. Figure |S1 presents peak profiles 
of Zmy = 0.011 at T = 10, 15 and 20 K. Apparently, 
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the peak intensity at T = 15 K is smaller than those at 
T = 10 and 20 K. This upturn behavior indicates two 
components of the spin excitations, and we regard them 
as an additive state and the spin gap state. We con- 
sider that the low-energy additive state is not caused by 
the gap shift nor broadening and that it is a novel spin 
state induced by Zn. Here we call the novel state an 
in- gap state, as defined by Kimura et al. 0, Note 
that the temperature which the signals begin to decrease 
in Zn:?/ = 0.011 is lower than that of Zn:^ = 0.008, sug- 
gesting that the temperature of gap opening is associated 
with Tc- In Zmy = 0.017, x"{Qi ^) shows no temperature 
dependence, implying the reduction of spin gap energy 
and the development of the in-gap state. 

In Fig. ini we show the temperature dependence of 
x"{Qi^) at cc; = 3 meV for the Ni-doped samples. In 
Ni:?/ = 0.009, x"{Q->^) decreases below Tc, suggesting a 
gap opening. x"{Qi^) of Ni:^ = 0.018 shows no upturn 
as opposed to those of Zm.y = 0.008 and Zm.y = 0.011, 
which indicates the absence of the in-gap state. Thus, 
in the Ni-doped samples, the spin gap simply closes with 
increasing Ni, which is not caused by the development of 
the in-gap state but by the gap shift or broadening. 



D. Q-uj dependence of incommensurate peaks 

In order to investigate the impurity effects on the mag- 
netic peak profile in more detail, we performed inelastic 
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neutron scattering measurements under a high-resolution 
condition. Figure 11771 shows peak profiles at = 8 meV 
for the impurity- free, the Zn-doped with Zn:y = 0.017 
and the Ni-doped with Wr.y = 0.029 samples, taken at 
11 K, 4 K and 4 K, respectively. In Zn:y = 0.017, clear 
incommensurate magnetic peaks were observed, and the 
peak width and position are almost identical to those 
of impurity- free sample. In contrast, the magnetic peak 
width broadens in Ni:^ = 0.029 and the peak position 
shifts toward the magnetic zone center (0.5, 0.5, 0). In 
Fig. ^2 we plot q-uj dependence of peak position for the 
impurity- free, the Zn-doped (Zn:^ = 0.011, 0.017) and 
the Ni-doped (Ni:?/ = 0.018, 0.029) samples. Shaded 
regions represent FWHM of incommensurate magnetic 
peaks, and a dashed line shows the peak positions for 
the impurity- free sample. In the impurity- free sample, 
the peak positions and widths are independent of the 
excitation energy. The peak positions and widths of 
the Zn-doped samples almost coincide with those of the 
impurity- free sample. While in the Ni-doped samples, as 
the excitation energy increases, the peak positions appar- 
ently deviate from the dashed line and approach q = 0. 
Furthermore, the peak broadens more drastically with 
increasing energy. These results suggest that the spin ex- 
citations of Ni-doped samples are dispersive and broaden 
with increasing energy. These phenomena are character- 
istic of Ni and become marked with increasing the doping 
concentration. 



E. Elastic scattering 

We performed elastic scattering measurements for 
Zn:y = 0.017 and Ni'.y = 0.029. Figure [HI shows the peak 
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FIG. 10: Q profiles along the k direction (trajectory B in 
Fig.|2| for (a) Lai.85Sro.i5Cu04, (b) Lai.85Sro.i5Cui-yZny04 
{Zn:y = 0.017) and (c) Lai.85Sro.i5Cui-yNi^04 (Ni:?/ = 
0.029) at cj = 8 meV under the high resolution condition. 
These data were taken at low temperature. Solid lines are the 
result of fits with assuming two equivalent Gaussian peaks at 
(0.5, 0.5di^, 0). Vertical dashed lines denote peak positions 
for (a) Lai.85Sro.i5Cu04 estimated by fitting. 



profiles at T = 1.5 and 40 K and the temperature depen- 
dence of the elastic peak intensity. In Zn:^ = 0.008 and 
Zn:y = 0.011, there is no observable signal, suggesting 
that the spin gap still opens. However, a very sharp peak 
was clearly observed in Zmy = 0.017 at T = 1.5 K and 
the signals appear below T ~ 20 K. On the other hand, 
in the Ni-doped LSCO, we found a broader peak, which 
shows no temperature dependence. Recently, Churei et 
al have reported that no clear elastic peak was de- 
tected while a peak was observed at cc; = 0.4 meV for 
Lai.85Sro.i5Cui_2yNi2y04 {y = 0.02), with the instrumen- 
tal energy resolution of ~ 0.2 meV. 17j In our case, the 
instrumental resolution is ~ 1.2 meV, and we speculate 
that the observed "elastic" peaks arise from the inelastic 
signals which are detected due to a broad energy resolu- 
tion. We discuss these elastic signals from the viewpoint 
of spectral weight shift of spin excitation in Sec. IIV Al 
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center Q =(0.5, 0.5, 0). Closed circles and shaded regions 
represent the peak position and FWHM of incommensurate 
magnetic signals estimated from curve- fitting. Dashed lines 
show a mean value of peak positions for the impurity-free 
sample. A solid line indicates a guide to the eye of dispersion 
for m-.y = 0.029. 



IV. DISCUSSION 

A. Differences between Zn and Ni doping effects 

We summarize impurity doping effects in Table ITTTI In 
both Zn:y = 0.008 and Zn:?/ = 0.011, we observed an up- 
turn behavior in the temperature dependence of x"{Qi ^) 
at cc; = 3 meV. This result suggests the existence of two 
components; an in-gap state and a spin gap state. On the 
other hand, there is no upturn for Ni-doping, indicating 
the absence of in-gap state. The elastic signal induced 
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tory D in Fig. |2| for the Ni-doped sample at 1.5 and 40 K. 
Solid lines represent the result of fits by a Gaussian function. 
The bottom figures show temperature dependence of intensity 
at the peak position. Solid and dashed lines are guides to the 
eye and estimated backgrounds. 



by Zn is also different from those by Ni: Zn induces a 
very sharp peak below T ~ 20 K and the signal expo- 
nentially increases with cooling, while we found a broad 
peak which shows no temperature dependence in the Ni- 
doped LSCO. Hirota et al. reported that Zn-doping of 
y = 0.012 shifts the spectral weight of the spin excitations 
from the inelastic to the quasi-elastic region at low tem- 
perature. |lS,i3 We consider that the increase of elastic 
signal at low temperature is owing to the spectral- weight 
shift resulting from the development of the in-gap state. 
As for Ni-doping, the absence of the in-gap state yields no 
shift of the spectral weight, leading to no elastic signal. 

As for the spin gap state in the Zn-doped LSCO, the 
gap slightly moves to the lower energy, but profiles of 
spin excitations are almost unchanged. On the contrary, 
Ni changes the spin excitations drastically: The spin gap 
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TABLE III: Differences between Zn and Ni doping effects. 





Zn 


Ni 


ATc 


almost unchanged 


broadening 


- spin gap state - 






• gap 


slight gap shift 


gap shift/broadening 


• excitations 


almost unchanged 


enhance, dispersive 


in-gap state 


o 


X 


elastic signals 


o 


X 


non-SC island 


^ : large 


^ : small or 



shifts or broadens, and moreover, y^' is enhanced and the 
spin excitations become dispersive. Ni strongly affects 
not only the spin gap state but also the superconducting 
transition unlike Zn-doping. The transition width ATc 
is almost constant as a function of the Zn concentration, 
while ATc broadens with increasing Ni. We speculate 
that the effects on the spin gap state are associated with 
the change of the electronic state of the superconductiv- 
ity. 

For impurity-doped systems, inhomo^eneous pictures 
have been proposed 0, [23, El; impurities make the 
non-superconducting island with radius ^ in the super- 
conducting 5ea, and local moments reside in the island. 
In our results, Zn-doping yields two components in mag- 
netic excitations, and we regard them as the in-gap state 
in the island and the spin gap state in the sea. We con- 
sider that the spin correlations in different islands are 
connected across the superconducting sea, which we call 
an mter-island correlation. We discuss the inter-island 
correlation later. In the Ni-doped LSCO, we observed no 
evidence for the in-gap state. However, /iSR studies and 
uniform susceptibility measurements suggest that Ni also 
induces local moments in a non-superconducting island 
similar to Zn. H S El El El Neutron scattering at 
a finite wave vector detects not local spin behaviors but 
spin correlations with a certain coherence. If spin corre- 
lations are considerably short, we may not detect signals 
due to a too broadened peak profile. In the case of Ni- 
doping, we speculate that spins only correlate within an 
individual island due to smaller ^. In fact, a recent /iSR 
study of impurity-doped LSCO suggested that the island 
in a Ni-doped sample is smaller than that of a Zn-doped 
sample. |2l| Thus, we conclude that the in-gap state is 
invisible and that we only observed the spin state of su- 
perconducting sea in the case of Ni-doping. 

We schematically show our concept in Fig. from 
a viewpoint of the inhomogeneous picture. Zn induces 
non-superconducting islands and hardly affects the su- 
perconducting sea, so that the spin gap state and ATc 
are almost unchanged. While Ni primarily effects on the 
sea. In other word, Ni affects the electronic and magnetic 
state of the superconductivity, leading to the modified 
spin gap state and the broadening of ATc. We believe 
that the gap is filled by the development of the in-gap 
state and the slight gap shift in the case of Zn-doping, 
while the gap shift or broadening simply closes the gap 
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FIG. 13: Schematic drawing of an inhomogeneous mixture 
of the superconducting (SC) sea with the spin gap state and 
the non-superconducting islands with the local AF correla- 
tion, (a) and (b) correspond to the cases of Zn-doping and 
Ni-doping. Refer to the text for the meaning of inter-island 
correlation and modified spin gap state. 



for Ni-doping. 



B. Zn doping effects; the in-gap state 

A primary effect by Zn on the spin excitations is the 
appearance of in-gap state. Most obvious evidence for 
the in-gap state is the upturn in the temperature depen- 
dence of x"{Qi cj) at a; = 3 meV. Previously Kimura et al. 
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reported the upturn behavior in Zmy = 0.008. In 
the present study, we also confirmed the upturn behavior 
in Zmy = 0.011. In YBa2(Cui_2^Zn^)306.97 {y = 0.02), 
similar results have been reported by Sidis et al. [2^ 
Their inelastic neutron scattering measurements showed 
that magnetic signals emerge around a; ~ 9 meV while 
the spin gap is retained, and that x" at cj = 10 meV 
is almost temperature independent below T^. Their re- 
sults indicate the coexistence of the in-gap state with the 
spin gap state at low temperature, signifying that the 
appearance of in-gap state is a universal phenomenon in 
Zn-doped high-Tc cuprates. Note that the in-gap state 
appears at the same Q position as that of the normal and 
high energy states for both LSCO and YBCO. Therefore, 
Zn locally slows spin fluctuations without modifying the 
AF wave vector. In other words, Zn seems to act as a 
pinning center of AF spin fluctuations. 

As for Zn:?/ = 0.008, the in-plane spin correlation 
length ^o6(^ 80 A) of the in-gap state is much longer 
than i^zn-Zn(~ 42 A), which corresponds to the mean 
distance between the nearest-neighbor Zn ions. These 
results indicate that the spin correlations of the in-gap 
state do not result from the local AF coherence in an 
individual island, but from the inter-island correlation. 
One may argue that it is caused by an overlap of islands. 
However, our results show the coexistence of the spin gap 
and the in-gap state (See Fig.[7I), suggesting a phase sep- 
aration of islands and sea. Therefore we conclude that 
induced moments in an island correlate with those in spa- 
tially separated islands. 



15 



La2.,Sr^Cu,^,N^P4 



■ 1 ' 1 • 1 


1 1 1 1 p 


^ • Ni:.T-OJS 


' Q _l tree :^ -0.16 " 


; y - 0.029 






. % \ 

. O } 




\ n 1 


• 


\ ^ s 




\t>) : 






i . J_ ... _L 


. J . ( . 





-0.3 -0.2 



-0.1 0.1 

q (r. 1. u.) 



0.2 0.3 



FIG. 14: Dispersions of spin excitations scaled by kuTc 
for Lai.85Sro.i5Cui_^Ni^04 (Ni:^ = 0.029) at 4 K and 
Lai.84Sro.i6Cu04 (free:x = 0.16) at 10 K 0. q denotes the 
propagation vector of spin correlation. Closed (open) circles 
and shaded (dashed) regions represent the peak position and 
FWHM for m-.y = 0.029 (free:x = 0.16), respectively. 



the Curie term and the reduction of p below yo (^ 
for X = 0.15). 



0.01 



C. A threshold in Ni doping effects 

We observed that the amplitude of x''{^) Ni:^/ = 
0.018 and Ni:^ = 0.029 is much larger than those for 
y = and Ni:y = 0.009, signifying that there exists a cer- 
tain threshold between Ni:y = 0.009 and Ni:y = 0.018. 
We speculate that the threshold corresponds to a critical 
Ni concentration yo where the valence of Ni ions changes; 
Nakano et al. have reported that no Curie term ap- 
pears in the uniform susceptibility measurements below 
the critical Ni concentration yo They also reported 
that the characteristic temperature which x exhibits a 
broad peak, so-called T^ax, increases with increasing Ni 
below yo. On the other hand, the Curie term appears 
and Tmax does not change above yo . If the valence of Ni 
ions are not divalent, the effective hole concentration p 
should change, leading to the variation of T^ax which is 
susceptible to p. From these results, they conclude that 
Ni ions are substituted for Cu ions as Ni^+ {S = 1/2 
: low-spin state) below yo and Ni^+ {S = 1) above yo] 
Ni^+ has the spin of 5* = 1/2 as weh as that of Cu^+, 
indicating that the Ni^+ substitution hardly affects the 
spin correlation in the Cu02 plane. In our result, x''{uj) 
of Ni:y = 0.009 is almost same as those of y = except 
for a slight gap broadening. We consider that this be- 
havior of Ni:^ = 0.009 is consistent with the absence of 



D. Spin excitations: a possible scaling with Tc 

Recently, quite similar spin excitations are discovered 
in both YBCO m and La2-:,Ba^Cu04 (LBCO) |2^ by a 
time-of-flight neutron spectrometer which covers a wide 
range of energy: The low-energy spin excitations form 
incommensurate peaks, and the peaks disperse inwards 
toward Qaf- At a characteristic energy, which is called 
Er in YBCO, the peak is found at a commensurate po- 
sition Q = Qaf- In higher energy region, the excitations 
disperse outwards and form a square-shaped continuum. 
Furthermore, the dispersive excitations at low-energy are 
observed in LSCO {x = 0.16), p] though the commen- 
surate peak and the dispersion in higher energy region 
are not yet confirmed. These results suggest that such 
dispersive excitations are a common feature in the high- 
Tc cuprates. In our study, we measured spin excitations 
in the low energy region co < 11 meV, so that we can- 
not detect the dispersive excitations in the impurity-free 
and the Zn-doped samples. However, to our surprise, 
the present results show that the spin excitations of Ni- 
doped samples are dispersive and broaden with increas- 
ing energy. These behaviors are very similar to those of 
impurity- free LSCO 1^, when the energy scale of spin 
excitations is adjusted. We plot the dispersion of spin 
excitations scaled to Tc as shown in Fig. This be- 
havior indicates that Ni reduces the energy scale of spin 
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excitations which associates with T^. A previous neu- 
tron scattering study of YBCO reported that Ni reduces 
Er with conserving the ratio Er/T^^ while such a shift is 
much smaher in the Zn-doped sample. Furthermore, 
Cu NQR study of Ni-doped YBCO has shown that ah the 
1/Ti data in the normal state are on a universal curve, 
when 1/Ti is plotted against t = T/T^. Since 1/Ti is 
related to x"{Q->^)i the universality of 1/Ti implies that 
AF spin fluctuations are scaled to upon Ni-doping. [2^ 
These results are consistent with ours, and we consider 
that these behaviors are consequences of the reduction of 
energy scale of spin excitations by Ni. However, we can- 
not affirm how precisely the spin excitations are scaled 
to Tc, because we measured in the narrow energy region 
(a; < 11 meV). Further inelastic neutron scattering stud- 
ies in higher energy region are strongly required. 

V. CONCLUSION 

Zn-doping induces local moments within individual 
non-superconducting islands and the islands are spatially 
separated from the superconducting sea, which is hardly 
affected by Zn. At low temperature, the local moments 
among different islands correlate, leading to the emer- 
gence of an in-gap state. The in-gap state appears at the 
same Q position in the normal and high energy states, 
and Zn seems to act as a pinning center of AF spin fluctu- 
ations. We consider that Zn reduces the volume fraction 
of the superconducting regions, which results in the re- 



duction of Tc. 

We observed no evidence for the in-gap state in the 
case of Ni-doping. We consider that the invisibility of 
the in-gap state arises from undeveloped spin correlations 
among different islands, because the islands are smaller 
than those of Zn-doping. Instead, Ni primarily effects on 
the superconducting sea; the spin gap shifts or broadens, 
and Ni makes the spin excitations get broader and dis- 
persive. These behaviors are recognized as a consequence 
of the reduction of energy scale of spin excitations. We 
believe that the reduction of energy scale is relevant to 
the suppression of T^. 
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